A Pure Magnetic Sail is a deep space propulsion system consisting of a coil mounted on a spacecraft. In order to predict the thrust characteristics of a Pure Magnetic Sail in space, thrust measurement and magnetic field measurement were conducted using a scale model in a laboratory. To simulate the solar wind, a magnetoplasmadynamic arcjet provides a high density (2×10 19 m -3 ) and high velocity (47 km/s) plasma flow that impinges on a 20-turn 25-mm-radius coil simulating a Pure Magnetic Sail. When the magnetic cavity size of the scale model (L) is increased from 0.12 to 0.17 m, the thrust increases from 0.47 to 0.92 N. Scaling up, this experiment corresponds to a 300-km diameter Pure Magnetic Sail in space. The thrust also depends on the coil tilt angle, which is the angle between the direction of the solar wind flow and the coil axis. The maximum thrust of 1.5 N is obtained for a tilt angle of 90 degrees.
Nomenclature

B
:magnetic flux density (T) B 0 :magnetic flux density at the center of the coil (T) 
Introduction
A rapid deep space explorer or a short-term manned interplanetary transportation system requires a high-specific impulse and high-energy efficiency propulsion system. Some candidate propulsion systems, such as solar sails and magnetic sails, use solar energy. A Pure Magnetic Sail, consisting of only a hoop coil, is a basic model of magnetic sail, which is propelled by capturing the energy of the solar wind with an artificial magnetic field 1 ) . One can easily imagine that the thrust level of a magnetic sail is proportional to the area receiving the solar wind plasma. Therefore, it is important to find a way to produce a large-scale magnetic field within the limited resources of space and energy available onboard a spacecraft. For example, Winglee has proposed the Mini-Magnetospheric Plasma Propulsion (M2P2) system, which produces a large inflated magnetic cavity around a spacecraft by expanding a small magnetic cavity with a plasma jet injection from the spacecraft 2) . The Magnetoplasma Sail (MPS), which pursues a more realistic implementation of the M2P2 concept, is also being investigated in Japan 3, 4) . To obtain the thrust characteristics of various kinds of magnetic sails, we have been working on a scale model experiment 5, 6) . The development of the experimental setup as well as direct thrust measurements using a Pure Magnetic Sail scale model were reported in a previous paper 7, 8, 9) . In this paper, we report the results of magnetic field measurements and the thrust characteristics of the Pure Magnetic Sail scale model are related to the dimensions of the magnetic cavity.
Thrust of a Pure Magnetic Sail
The force on the current loop depends on the area that blocks the solar wind. By increasing this blocking area, a larger thrust is obtained. Therefore, the force, F, exerted on the coil of the magnetic sail can be formulated as
where C d is thrust coefficient, (1/2) u sw 2 is the dynamic pressure of the solar wind, and S = L 2 is the characteristic area of the magnetosphere. Although C d is usually represented as drag coefficient, C d is defined as thrust coefficient in this paper because thrust of a magnetic sail is produced from drag acting on the magnetic sail.
Because the density of the solar wind plasma flow around a magnetic sail is very small, the movement of charged particles separates the plasma region outside the magnetic cavity and the region inside the magnetic cavity. When a magnetic dipole M d is located in the flow, there is a balance between the total internal (magnetic) and external (plasma) pressures at the boundary: 
where n is the plasma number density, m i is the ion mass, u sw is the velocity of the solar wind, 2B mp is the magnetic flux density at the boundary, and 0 is the permeability of the vacuum. The magnetic flux density B mp at a distance L from the dipole center is given by 
Experimental Setup
Facility for Pure Magnetic Sail Experiment
The experimental setup for a Pure Magnetic Sail is shown in Fig. 1 . It consisted of two simulators, a solar wind simulator and a Pure Magnetic Sail simulator, both of which were developed in ISAS/JAXA 6, 10 ) . A MagnetoPlasmaDynamic (MPD) arcjet, which can easily produce a high-velocity and high-density plasma jet, was used as the solar wind simulator and it was mounted on the wall of the chamber. A hoop coil, simulating the coil of a Pure Magnetic Sail, was also installed inside the chamber, and it was immersed in the plasma flow. The details and operating conditions of these simulators are summarized in Table 1 . These simulators were operated in a quasi-steady mode of about 1 ms duration using pulse forming networks.
Magnetic Field Measurement
Magnetic field measurements were made with a magnetic probe to observe the interaction between the simulated solar wind and an artificial magnetic field around the Pure Magnetic Sail. Based on Faraday's law of electromagnetic induction, a magnetic flux density is obtained by integrating the output from a magnetic probe. The magnetic probe was mounted on a computer-controlled movable stage to obtain a magnetic flux density distribution. 
Thrust Measurement of Pure Magnetic Sail
Thrust measurements were carried out by the parallelogram-pendulum method. The coil simulating a Pure Magnetic Sail was mounted on a thrust stand suspended by four steel wires (Fig. 1) . For each shot of the MPD arcjet and coil combination, the impulse was measured from the maximum swing of the pendulum. The displacement of the pendulum in the X-direction was measured with a laser position sensor. For calibration of the pendulum and position sensor combination, impulses of known magnitude were applied to the coil using a simple pendulum consisting of a steel ball and string in an atmospheric pressure environment. The impulses of the ball were calculated from its mass and the striking velocity evaluated from energy conservation for the calibration pendulum. Calibration using six different masses showed that the impulse was proportional to the maximum displacement of the pendulum to within 9%. Furthermore, a comparison of calibrations at atmospheric pressure and in the vacuum chamber showed that the calibration in a vacuum was accurate to within 2%. Major errors in the determination of the thrust come from electromagnetic noise while starting up the discharge of the coil. The noise was, however, less than 20% of the averaged impulse. The shot-to-shot variations were found to be less than 10% of the averaged impulse. The impulse of a Pure Magnetic Sail is given by the following equation:
When only the solar wind simulator is operated, the pressure on the coil surface produces thrust; this impulse corresponds to (F t) SWS in Eq. (5) . If the coil current is initiated during the solar wind operation, the impulse, (F t) total , becomes larger than (F t) SWS . The thrust of a Pure Magnetic Sail is defined as the difference between the two impulses divided by the SWS operation duration ( t = 0.8 ms):
To derive Eq. (6), a rectangular waveform against time is assumed for the impulse, which seems a reasonable approximation based on the discharge current profiles in Fig.  2 . 
Experimental Results and Discussion
All the experiments were operated for the same simulated solar wind conditions (u sw = 47 km/s, n = 1.8×10 19 m -3 ) and the same coil position (600 mm away from the MPD solar wind simulator).
Plasma Flow and Magnetic Field
Photographs of the region around the coil simulating a Pure Magnetic Sail were taken using a shutter camera. (A typical example is shown in Fig. 3 .) The plasma flow was introduced from the side on the left of the photo. The interaction between the plasma flow and the magnetic field can be observed and there is a relatively dark region in front of the coil (100 mm < X < 150 mm in Fig. 3 ). The existence of such a region can be attributed to the fact that the invading plasma was blocked by the magnetic field, because the dark region was not observed in experiments without the magnetic field.
The magnetic flux density distribution along the line connecting the solar wind simulator and the coil center is shown in Fig. 4 . The vertical axis in Fig. 4 is the magnetic flux density normalized by the unperturbed magnetic field provided by the coil. As the distance from the coil center increases, the normalized magnetic field strength also increases until B z /B z0 reaches the maximum value 1.4 when X = 110 mm; then B z /B z0 rapidly decreases for 110 mm < X < 140 mm. This type of B-field distribution is formed as a result of the magnetic field induced by a current on the magnetopause. To explain how the B-field distribution is formed at the magnetopause, a cross-sectional view of the magnetopause is depicted in Fig. 5 . From a particle point of view, when a positive ion and an electron penetrate the magnetopause, they sense a Lorentz force (u×B), which causes them to gyrate. After a half orbit, they exit the magnetopause, moving anti-parallel to the solar wind flow, as shown in Fig. 5 . In performing the half orbit, the positive ion moves in one direction along the Y-axis, and the electron moves in the opposite direction, giving rise to a current 11) . This current enhances the inner magnetic field and decreases the outer magnetic field. Comparing Fig. 3 and Fig. 4 , the peak current point (X = 110 mm) and the inflection point (X = 140 mm) in Fig. 4 are in agreement with the inner and the outer edge position of the dark region (110 mm < X < 140 mm) in Fig. 3 . Thus the width of the dark region ( X = 40 mm) in the photograph corresponds to the width of the magnetopause ( D ) in Fig. 5 . Ions, penetrating the magnetopause, sense the Lorentz force which causes them to gyrate with Larmor radius 
The value of r Li is 47 mm for the conditions of this experiment, u sw = 47 km/s and B mp = 5.2 mT, and is near the width of the magnetopause ( X = 40 mm). Thus the distance between the outer edge of the dark region (X = 140mm) and the coil center corresponds to the experimentally obtained magnetic cavity size, L. Theoretical L is obtained from Eq. (4), with M d derived from the coil geometry and coil current. The magnetic cavity sizes for various coil currents in relation to the theory and the experiment are summarized in Table 2 . The experimental cavity sizes increase as the coil current increases from 0.6 to 1.1 kA, and the experimental value is smaller than the theoretical prediction for each current. The discrepancy between the magnetic cavity sizes in Table 2 may be caused by the accuracy with which the edge of the dark region is determined. It is necessary to measure the position of the magnetopause accurately to identify the boundary between the magnetopause and the solar wind plasma region.
Thrust of a Pure Magnetic Sail
In Fig. 6 , the displacement signals obtained by the laser sensor with or without the coil current are shown. Both the solar wind simulator and the magnetic sail simulator were simultaneously activated 10 s after starting the measurement. The impulse is estimated using the first peak of the swing of the thrust stand.
Thrust data for a Pure Magnetic Sail with various magnetic cavity sizes are shown in Fig. 7 . The thrust increases as the magnetic cavity size increases because thrust is proportional to the cross sectional area of the magnetic cavity. Thrust data for a Pure Magnetic Sail at various tilt angles (0, 45 or 90 degrees to the plasma flow) are shown in Fig. 8 . By increasing the tilt angle, thrust is also increased. When the coil dipole axis is parallel to the plasma flow (tilt angle = 90 degrees), the maximum thrust is obtained because the cross sectional area of the cavity presented to the flow is largest in this configuration.
In Fig. 9 , thrust values for a 0-degree tilt angle are plotted after normalizing by the product of the dynamic pressure of the plasma flow and the cross sectional area of the magnetic cavity 12) . For example, a value of L = 0.17 m is calculated from Eq. . be found from Eq. (2). Judging from the few data points that are available at this stage, we see that the measured thrust is much smaller than the theoretical predictions. Nevertheless, we can conclude that the interaction between the plasma flow and the magnetic field is effectively produced in a region the size of the ion Larmor scale. However, we need to determine the reason for the discrepancy between the theory and the experiment. A relatively large coil diameter meaning the dipole approximation is inadequate or finite resistivity effects in the space chamber may be the cause of these differences.
Conclusions
Thrust and magnetic field measurements of a Pure Magnetic Sail (scale-model) were conducted in the laboratory. The experimental setup consists of a solar wind simulator and 25-mm-radius solenoidal coil simulating a Pure Magnetic Sail spacecraft placed inside a large vacuum chamber. The largest thrust of a Pure Magnetic Sail was obtained for a tilt angle of 90 degrees, i.e., when the coil axis was parallel to the plasma flow. The thrust of the Pure Magnetic Sail (scale model) increased as the magnetic cavity size increased. The experimental value of the thrust was smaller than theoretical predictions obtained by numerical simulation. This discrepancy may be caused by a relatively large coil diameter meaning the dipole approximation is inadequate or finite resistivity effects in the space chamber.
